The article describes the content of the Paul Karrer Lecture given at the University of Zürich on the 20th of June 2007 by Professor Steven V. Ley. The lecture illustrates the work underway within the Chemistry Department at Cambridge to develop microreactors for flow chemistry applications. These modular, small footprint devices are capable of preparing a wide range of compounds including natural products in up to seven synthesis steps. Products can generally be obtained in high yield and purity without conventional work-up methods using a variety of reaction mixer chips and pre-packed flow tubes of immobilised reagents and scavengers.
The art and craft of assembling functional molecules from small chemical building blocks has reached an impressive level of sophistication. Today, by harnessing the power of modern synthesis methods, one can access a truly staggering array of compounds that display structural or beneficial properties and function. These range from healing drugs to compounds that guarantee the quality and quantity of the food supply to all the modern needs of society ranging from paints, pigments and dyestuffs to plastics and polymers of all kinds.
Yet despite the obvious success of chemical synthesis we also recognise its limitations and the need for improvement. This is especially true if we wish to move to more sustainable chemical practices, as we must, if we are to protect our natural resources. In order to safely respond to the needs of improved productivity and efficiently we must embrace these new challenges and opportunities and explore alternative approaches to compound synthesis. The current costs, scale-up issues, lack of reproducibility, manpower wastage through repetitive and or routine tasks are unacceptable; therefore change is inevitable.
Fortunately, the modern chemist is responding and we now have a range of new tools available for more effective synthesis of molecules. [1] These maybe biochemical such as gene shuffling methods, or exploiting multi-enzymes in synthesis as well as using directed evolution techniques. They may involve new devices such as microarrays, mini-reactors, diagnostic reporter systems and a plethora of opportunities created by our increasing ability to exploit advances in nanoscience. We benefit enormously by the use of automation, the integration of Design of Experiment optimisation software and by informatics and database mining. Similarly, no chemist now works without computational tools for shape and cluster analysis, compound design or diversity algorithms.
There are also many chemical tools that are influencing the way we work today. These may be parallel synthesis tools or come from opportunities created by fast serial processing using focussed microwave methods or microfluidic devices. Polymersupported reagents, scavengers and catch and release techniques are also having their impact on the way synthesis programmes are conducted. Moreover, as we pointed out a number of years ago, when these methods are combined with flow chemistry devices, enormous opportunities arise. [2] These principles and ideas form the basis of this article. More information and details can be found on our website: http://leyitc.ch.cam. ac.uk/ and in our recent reviews on the subject. [3− 7] Although over the years we have published extensively on the application of supported systems, we illustrate here the power of these methods with the preparation of the natural product carpanone [8] (Scheme 1). This proceeds from a simple starting material, sesamol, and leads to the structurally more complex naturally occurring material in 66% overall yield in just four steps through six unit operations involving five supported reagents and scavengers. The whole process gives a high purity product without recourse to conventional work-up protocols such as chromatography, water washes, distillation or crystallisation. Similarly, more complex targets can be addressed using these methods, such as drug substances [9, 10] or natural products like the plicamines [11] and the epothilones. [12] This chemistry forms the basis for our approach to flow-mode synthesis. One can easily envisage, that by simply packing a glass column or cartridge with an immobilised reagent or scavenger for impurity capture, one could set up a device for automated multi-step synthesis using modular and readily reconfigured components. In a typical flow arrangement reactants and solvents can be pumped through microfluidic serpent channelled reactor chips or through prepacked supported reagent columns, the product stream can be analysed, recycled if necessary or collected. In certain configurations the output stream can be directed into microfluidic biological flow assays or indeed into some other functional read out device. This concept is very attractive for high throughput reactions or reagent screening processes. The act of immobilisation means that it is easy to interact physically with the packed reagent or scavenger cartridge using, for example, heat, oscillation, cooling, microwave, ultraviolet or ultrasound methods to bring about a desired chemical transformation (Scheme 2).
Many pumps, chips, control valves, reagent input devices, column heater and product collection units are now commercially available. Our approach has been to select and integrate these pieces of equipment as required by the chemistry. This ensures we maintain maximum flexibility and create small footprint modular arrangements, which are readily and rapidly reconfigurable. Moreover, the apparatus can be set up to deliver compound collections, or, by using scale up and scale out techniques, significant quantities of material. Below we illustrate, with selected examples, how these methods can be employed to prepare useful building blocks, to achieve important transformations, and to develop concepts for the construction of natural products by multi-step processes in the flow-mode.
Oxazoles are well established as heterocyclic core structures of importance in both pharmaceutical and agrochemical products. Accordingly, by reacting an acid chloride with an isocyanide input on a 1 ml reactor chip, followed sequentially by passage of the flow stream through an immobilised base to effect cyclisation, a crude stream of the oxazole product can be generated. A prepacked tube containing a benzyl amine resin (Quadrapure BZA) was then used to scavenge any excess acid chloride, yielding the purified 4,5-oxazole products in excellent yield (Scheme 3). While some thirty compounds were prepared in the first instance by this method in 50− 200 mg quantities, several were deemed to be worthy of further development. Consequently, by simply replacing the reagent and scavenging columns with larger pre-packed tubes, we were able to deliver 10 g quantities of any of the selected materials in an overnight run. The apparatus for this synthesis is shown in Fig. 1 and described in detail in the supplementary material in the resulting publication. [13] During other studies designed to show that either unstable or potentially hazardous compounds can be manipulated safely in the flow-mode, we reacted various azides with acetylenes in dichloromethane to give the corresponding triazole products cleanly and in high yield (Scheme 4). Both the azide and the acetylene inputs may also be generated by flow chemistry methods and telescoped into these syntheses. After mixing the inputs (azide/acetylene) from preloaded reagent loops on a reaction chip, the flow stream was subsequently passed through an Amberlyst 21/CuI reagent plug to affect the cycloaddition reaction. The exit stream was subjected to scavenging with a Quadrapure thiourea resin cartridge to remove any leached copper arising from the catalyst. Subsequently passage through an additional phosphine pre-packed tube to scavenge any excess azide gave the triazole product (Scheme 4). Using this reaction scheme, a small collection of 14 triazoles was prepared in yields ranging from 75− 98% and in purities all greater than 95%. [14] No attempt was made to scale these reactions above 1.5 g, however this would be possible by incorporation of larger flow tubes. Also we noticed that since oxygen was easily excluded in the flow system no products arising from Glaser coupling reactions were observed.
R e a g e n t H PLC C o llect i on R ecy c l e h e a t osc illa t or c ool mic row a v e UV u l t r a sou n d R e a c t a n t a n d sol v e n t i nputs
Another reaction that is considered to be of strategic importance and yet is not extensively used owing to safety issues is, of course, the Curtius reaction. Given that in flow-mode any highly reactive and unstable intermediates are generated in a constant stream, in small quantities, then immediately consumed in a subsequent reaction, this concept has significant consequences and potential applications for organic synthesis. We have shown, therefore, that we can perform Curtius reactions by reacting acids with diphenylphosphoryl azide (DPPA) in the presence of triethylamine and capturing the intermediate isocyanates with a nucleophile by passage through a convection flow coil (CFC) mounted on a Va pourtec R4 heater unit (Fig. 2) . On heating at 120°C, the initially formed acyl azide (a potentially very hazardous component in batch mode) safely rearranges with loss of nitrogen to give the isocyanate intermediate, which is trapped by an in situ nucleophile to give the corresponding product. Passage of the flow stream through a mixed acid-base scavenger bed ensures the formation of a clean product (Scheme 5). For some compounds, however, we found that selective scavenging was necessary to afford the pure product owing to the polar or basic nature of the materials that were being generated (Fig. 3) . We have also shown recently that acid chlorides are excellent precursors for Curtius reactions in flow by delivering the necessary azide component from an ion exchange tetra-alkylammonium monolithic support, again using the R2+R4 flow reaction platform.
By using these devices we have also demonstrated that the formation of peptide bonds can be effectively achieved using preloaded HOBt cartridges to activate the appropriate amino acids. [15] This work also led to the development of the use of the HCube (Fig. 4) , a flow hydrogenation unit, for the deprotection, by hydrogenolysis, of intermediate coupled peptides. [16, 17] We had previously described the use of the HCube for the efficient reduction of imines to amines in flow-mode, which allowed us to make compounds more rapidly than by using conventional methods. [18] Once we had knowledge of these simple reactions, we were able to move to more demanding flow chemistry sequences such as those used in complex natural product syntheses. In the first of these examples, we showed that ferulic acid could be activated by capture onto an HOBt column. [19] Once activated, p -hydroxyphenethylamine was introduced to the flow stream to give the coupled amide product. The amide was then subjected to oxida- tive dimerisation to give the natural product grossamide in excellent 91% isolated yield, by using an immobilised horseradish peroxidase II pre-packed flow column to affect oxidative dimerisation (Scheme 6). The use of immobilised enzymes in flow systems is particularly attractive for synthesis since by the judicious use of flow rate control, one can determine the chemoselectivity of the reaction process, since the products of the enzyme reaction can pass rapidly into a benign environment on exiting the flow tube and thereby do not undergo any further unprofitable biotransformation.
In an effort to extend our capabilities in flow chemistry, we have examined another natural product synthesis whereby, a seven-step sequence of reactions was devised to prepare the alkaloid oxomaritidine [19] (Scheme 7). This work brings together a number of beneficial elements under the flow reaction conditions. Firstly, a potentially hazardous azide building block was prepared in situ and then used immediately as an in-line input to generate an immobilised phosphoryl imine reagent. This was subsequently used in an aza-Wittig process by coupling with an aldehyde, itself also generated in a separate flow tube arrangement. The resulting coupled imine was then reduced by application of the H-Cube technology described above. Next, the solvent (THF) was removed from the amine product by the use of the Biotage V10 evaporator (Fig. 5 ) and changed to dichloromethane for the remaining sequence of reactions. These involved protection as the trifluoroacetate through reaction with trifluoroacetic anhydride using an in-line reaction chip, followed by oxidation to the spirodienone using an immobilised hypervalent iodonium ditrifluoroacetate. [20] Finally, mixing the exiting reagent stream with aqueous methanol and passage through an ammonium hydroxide resin caused deprotection and concomitant cyclisation to the natural product oxomaritidine (Scheme 7). This whole sequence of reactions progresses in only five to six hours compared to the normal four days for a conventional synthesis of the molecule. This shortening of the synthesis time by operating in the flowmode is achieved by eliminating typical unit operations such as solvent extractions, water washes, drying and chromatography; common to the traditional approach. Moreover, by releasing skilled operator time in this way, more productive pursuits such as route planning and studying new reactions and processes are possible.
One of the limitations, however, of using these systems is that not all immobilised reagents display the reactivity patterns that we ideally desire. While this loss of reactivity can be compensated for by microwave or ultrasound methods, alternative approaches are necessary. [21] A concept that we have studied therefore involves the development of reagents (or substrates) that contain a chemical tag. action, the spent reagent can be 'phaseswitched' by the use of an immobilised complementary chemical process that recognises the tag and binds it selectively to remove the spent reagent from the flow stream. We have used this concept very effectively in the preparation of guanidines, which are notoriously difficult to obtain in very pure forms. In this work, masked acid tagged phosphines were employed. [22] However in this article, by way of a simpler example to illustrate the process, we have devised a bipyridine tagged carbodiimide reagent to affect coupling of amines and acids to generate amides. [23] In this particular example of the phase switch process, the spent reagent (the urea), and the excess reagent are both removed by phase-switch passage through a supported copper species that selectively binds to the bipyridine component to form a complex, thereby removing all these impurities from the main amide product reaction stream (Scheme 8).
During recent work on micro and mesoreactors for various flow chemistry applications, we have developed two new systems, which deserve further comment. The first of these is the manufacture and use of plastic microcapillary flow discs (MFDs) for scale-up and scale-out applications. [24] The MFDs are made via a gas entrained polymer extrusion process, whereby a polymer melt is extruded over a series of injectors in a rectangular die so as to produce a continuous polymer tape containing microcapillary channels, the number of which depend on the injectors; normally nineteen (Fig. 6) . The tape can then be coiled to produce single or doubly spiralled discs that can be used as a microreactor when reactants and solvents are pumped through the channels. The channels are typically between 180 and 200 µ m in diameter, with the length of a reactor coil being between 5 and 40 m. The compact arrangement and the opportunity for recycling make these reactors ideal for scale-out operation. Indeed, a stack of eight of these MFDs in parallel can be readily assembled and connections made to appropriate pumping systems (Fig. 7) . Using this arrangement we have performed a simple Diels-Alder reaction to generate, in continuous flow-mode, around 4 kg of product per day (Scheme 9). Several other chemistries, such as heterocyclic ring formation or alkylation, have also been performed using this particular reactor set up, which further demonstrates its reaction scope. The device is very practical and operates at low cost. The discs allow for fairly rapid heat transfer so that one can accommodate exothermic processes or alternatively, if necessary, they can be externally heated. The system is also compatible with microwave irradiation, consequently it can be readily incorporated into various flow microwave arrangements.
In another project we have developed and evaluated monolithic flow reactor cartridges. [25] These were designed to overcome some of the limitations of spherical polymer bead supported reagents in packed flow tubes. These problems include poor fluid dynamics, heat transfer problems and packing and channelling issues. By using a monolithic flow-tube containing a single functionalised macroporous polymer, many of these problems can be overcome. For example, we have prepared monolithic macroporous reactors, using a procedure similar to that described by Frechet and Svec [26] (Fig. 8) . This material was then derivatised with palladium nanoparticles to afford a column capable of performing Heck cross- coupling reactions. Pleasingly, these reactions proceeded in excellent yield and purity, and where Pd leaching was observed, simply placing a second metal scavenger column in-line eliminated this problem. Consequently, using a cartridge of Quadrapure TU resin as a scavenger, the ICP-MS analyses showed Pd levels in the product to be below 5 ppm. Importantly, these monolithic reactor cartridges could be reused at least twenty-five times without degradation or affecting the product yields. Also in this work we were able to use ethanol as solvent at 120°C, since the flow reactor system readily accommodates the additional pressure that is generated. This is achieved by the incorporation of an in-line 100 psi back pressure regulator (Scheme 10). Using ethanol as solvent as opposed to DMF also greatly facilitates the product work up. These monolithic systems are also ideal for smaller scale applications, owing to the higher surface areas and general reproducibility of the flow tubes.
nso ut on p u r e prod u c t c a p tur ed t a ed r e a e n t c a p tur ed t a ed b pro d u c t
As discussed above, flow microwave units should also be of interest to the synthesis chemist. We have, therefore, designed a U-tube arrangement whereby the central tube may be packed with an immobilised reagent to affect a chemical reaction by selectively absorbing microwave energy. [27] An external cooling jacket is also incorporated into the device to simultaneously moderate the central U-tube temperature (Fig. 9 ). This arrangement often affords higher yields and higher purity products then are achieved by conventional heating in batch mode. The whole unit is designed to fit into the microwave cavity of commercial machines and is pumped externally using cheap HPLC systems. In-line regulators control the pressure of the apparatus. In one particular application, using commercially available Pd EnCat catalyst, which is an encapsulated palladium catalyst in polyurea, we showed that the system was particularly effective at carrying out Suzuki cross-coupling reactions in the flow-mode using this external cooling protocol (Scheme 11). By way of a direct comparison, in the experiments we studied, the reactions could be seen to proceed in higher yield and purity than in batch mode. Moreover, a single charge of catalyst was effective for up to 20 different chemical inputs. Alternatively, the device could be used preparatively to generate up to 10 g of product in a continuous flow process. The exiting flow stream was also subjected to scavenger columns to afford the clean, coupled materials with ICP-MS levels for Pd below 10 ppm. Interestingly, multiple U-tube devices can also be formulated to conduct different chemical processes in the same machine at the same time.
In a related study we have developed a low-cost flow microwave unit which consists of a fluorinated polymer flow tube wound around a central Teflon core fitted with a dummy pressure cap typical of microwave reaction vessels [28] (Fig.  10) . The whole unit fits into the cavity of commercial microwave equipment. Once again, external HPLC pumps are used to drive the system and using standard 100 psi pressure regulators to control pressure. The central Teflon spigots are easily re-wrapped should blockages occur, and by varying the length and diameter of the tubing, or wrapping with multiple lengths of tubing we can accommodate many different reactions and flow rates within the same device.
By way of illustration of these particular microwave flow coils, we have shown that by using simple chemical inputs such as hydrazines, when these are reacted with ethoxymethylene malononitrile, one can obtain useful quantities of 5-amino-4-cyanopyrazoles as products (Scheme 12). These compounds are important building blocks for many pharmaceutical drug applications. The whole flow system also incorporates a benzylamine scavenger (Quadrapure BZA) and an activated carbon column to ensure high purity of the final product output. In one example we showed that up to 250 g of compound could be obtained within a three-hour reaction period. Clearly, many other reactions should be possible using these readily adapted and cheap devices.
We recognise we have not been alone in our studies on flow chemistry, therefore we also list some key work of others who have made seminal contributions to the area. [29− 44] However, because of the very nature of this article, which reviews the 2007 Karrer lecture, this list must be highly selective and we apologise to the authors whose work has not been included. We believe the whole area of flow chemistry and the use of microreactors is poised to have a very significant impact on how modern synthesis will be conducted in the future. Nevertheless, while these methods constitute a change in technology, they represent a massive change in philosophy. One should not, therefore, underestimate how much more development will be needed to provide truly robust flow chemistry platforms that will find their way routinely into our laboratory environments. The devices themselves are purely servants to synthesis and the quality of the output will still depend on the thinking and the skill of the individual operators. However, the initial benefits that our research group has observed using these methods have been significant. The general adaptability and ease of scaling-up chemical processes in a 24/7 working environment has been especially attractive. Similarly the waste material per head generated by workers in our flow laboratory is approximately one tenth of that produced in our conventional synthesis laboratory. As we move forward we can anticipate many new opportunities that will include fast serial reaction and reagent profiling. Also the ability to make and immediately screen compounds for biological activity and progress to multi-step syntheses of complex architectures using feedback loops and data evaluation protocols, much faster reagent and compound optimization will be possible. The future of these concepts is both assured and exciting.
